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A WIDE-RANGE PIEZOELECTRIC MOMENTUM TRANSDUCER FOR 

MEASURING MICROMETEOROID IMPACTS 

By Vernon L. Rogallo and Frank Neuman 
Ames Research Center 

SUMMARY 

A new piezoelectr ic  momentum transducer has been developed and t e s t e d  i n  
the  laboratory with low-velocity pa r t i c l e s  and with simulated micrometeoroids 
a t  hy-pervelocities. 

The transducer i s  a simple design incorporating two piezoelectr ic  ceramic 
beams which serve both as t h e  sensor and as leaf  springs. The beams are 
arranged t o  support a t a rge t  i n  such a manner as t o  r e s t r i c t  motion primarily 
t o  one direction. Although the  transducer i s  very sensi t ive,  capable of 
momentum measurements of t h e  order of lo-’ dyne-sec, it i s  rugged, being able  
t o  withstand high g loads. 
s e n s i t i v i t y  . It can be operated a t  any a l t i t u d e  with equal 

When the  momentum transducer i s  used as an impulse detector,  t h e  output 
i s  d i r ec t ly  proportional t o  t h e  component of impact t ransfer red  t o  t h e  t a r g e t  
i n  a d i rec t ion  p a r a l l e l  t o  t h e  transducer pr inc ipa l  axis .  Its s e n s i t i v i t y  i s  
e s sen t i a l ly  independent of t h e  locat ion of impact on the  t a rge t  area. The 
transducer and associated electronics  can be ca l ibra ted  a t  various momentum 
leve ls  by a remote process. 

The unique charac te r i s t ics  of t h e  transducer make it a valuable labora- 
t o r y  device. 
t ions :  a narrow band-pass electromechanical f i l t e r ,  an u l t rasens i t ive  
vibrat ion pickup, a l a se r  energy ca l ibra tor  and impact transducer, a force  
transducer f o r  measurement of ion-beam accommodation factor ,  and a b a l l i s t o -  
cardiograph f o r  t h e  measurement of motion of small l iv ing  organisms or compo- 
nents such a s  hear t  beat reactions.  

A t  t h e  Ames Research Center it has had t h e  following applica- 

INTRODUCTION 

The most sens i t ive  micrometeoroid transducers flown t o  date have incor- 
porated a piezoelectr ic  sensing element. 
a microphone detector,  and measurements made by t h e  device represent t h e  first 
subs tan t ia l  d i r ec t  measurement of interplanetary matter i n  the  v i c i n i t y  of t h e  
earth.  The response charac te r i s t ics  of t h e  microphone detector  have been t h e  
subject of considerable debate. An  impacting micrometeoroid generates i n  t h e  
detector  t a r g e t  a t rans ien t  mechanical pulse which i s  subsequently transformed 
i n t o  an e l e c t r i c a l  s igna l  by a piezoelectr ic  c rys ta l .  The transformation i s  
complex and it i s  not ce r t a in  precisely what i s  being measured. The useful-  
ness of t h e  detector,  as ide from detecting number of impacts, i s  d i r e c t l y  

Such a transducer i s  re fer red  t o  as 



dependent on laboratory momentum ca l ibra t ion  techniques. One fea ture  inherent 
i n  the  detector  design r e s u l t s  i n  a response which i s  a function of impact 
posi t ion on t h e  t a r g e t .  
microphone detector  (for t h e  Explorer I s a t e l l i t e )  has been reported t o  be of 
t h e  order of 

The momentum threshold s e n s i t i v i t y  of a t y p i c a l  

dyne-sec ( r e f .  1). 

I n  view of t h e  state of t he  art,  an attempt w a s  made t o  develop a new 
device which would provide detection and a quant i ta t ive impact momentum 
urement at  a threshold of t h e  order of dyne-sec. Also consideration w a s  
given t o  addi t ional  fea tures  such as uniform s e n s i t i v i t y  over t h e  t a rge t  a rea  
and means f o r  i n - f l i gh t  cal ibrat ions.  

meas- 

A s  an outgrowth of t h i s  study a new piezoe lec t r ic  momentum transducer has 
been developed and t e s t e d  i n  the  laboratory with low-velocity pa r t i c l e s  and 
with simulated micrometeoroids a t  hypervelocit ies.  The device i s  unique and 
i t s  charac te r i s t ics  make it applicable t o  a wide va r i e ty  of uses. 

Presented herein i s  a complete descr ipt ion of t h e  transducer, i t s  opera- 
t ion,  design de ta i l s ,  and ca l ibra t ion  techniques. I n  addition, there  a re  
included per t inent  d e t a i l s  of an in t eg ra l  absolute ca l ibra tor  and an arrange- 
ment f o r  t he  r e j ec t ion  of mechanical common-mode noise. Typical t e s t  r e s u l t s  
are presented t o  show the  transducer response t o  low and hypervelocity impacts, 
both normal and oblique t o  the  ta rge t ,  and a t  d i f f e ren t  r e l a t ive  posi t ions on 
t h e  t a rge t  area.  Since the  usable threshold of t h e  transducer i s  d ic ta ted  by 
t h e  signal-to-noise r a t io ,  a section on mechanical and e l e c t r i c a l  noise i s  
included. 

I n  order t o  show t h e  v e r s a t i l i t y  of t he  transducer, several  qui te  diver- 
s i f i e d  appl icat ions t o  various research f i e l d s  a t  t he  Ames Research Center a r e  
presented. 

SYMBOLS 

area of t h e  capacitor plates,  3 

bandwidth, cps 

rms bandwidth, cps 

rms bandwidth of t h e  detected and summed noise voltages, cps 

damping coeff ic ient ,  kg/sec 

transducer e l e c t r i c a l  capacitance, F 

mechanical compliance, m/newton 

load capacitance, F 

maximum displacement of t he  mass, m 



E 

E O  

F 

f n 

f ( t )  

I 

Ib 

i 

K 

K.E. 

k 

kP 

L 

M 

Ma 

Mb 

m 

mv 

N 

NF 

n 

output voltage of t he  unloaded transducer, V 

output energy, J 

s t a t i c  force,  newtons 

undamped na tura l  frequency, cps 

driving function (force) ,  newtons 

current,  A 

plane area moment of i ne r t i a ,  m4 

imaginary component of a number 

spring constant, newtonslm 

k ine t i c  energy, J 

Boltzmann's constant, J/molecule - OK 

momentum t r ans fe r  parameter of proportionali ty 

beam span, m 

t o t a l  mass, kg 

m a x i m u m  bending moment, newton-m 

maximum bending moment , newton-m 

p ro jec t i l e  mass, kg 

equivalent beam mass, kg 

stem mass, kg 

mean of p(v) 

electromechanical l i nea r  transducer rat  io,  V/newt on 

noise f igure  

momentum transducer rat i 0, V/newt on- se c 

mean number of threshold crossings of t h e  l e v e l  Vo/sec due t o  
noise 

noise power, W 
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P 

P.E. 

q 

R 

S 

Sx(f) 

T 

t 

t m  

U ( t  - 7) 

V 

V 

W 

applied load, newtons 

po ten t i a l  energy, J 

p ro jec t i l e  momentum, newton-sec (1 newton-sec = lo5 dyne-sec) 

probabi l i ty  densi ty  function of VO 

t a r g e t  momentum i n  t h e  direct ion of t h e  pr inc ipa l  axis, dyne-sec 

probabi l i ty  densi ty  function of x ( t )  

Bf/Bt bandwidth r a t i o  

charge, coulombs 

resis tance,  ohms 

separation of t h e  capacitor plates ,  m 

power spec t r a l  densi ty  of the  transducer 

absolute temperature, OK 

t i m e ,  sec 

length of time force i s  applied, sec 

time of impact, sec 

uni t  s t e p  function s t a r t i n g  at  time 0 

u n i t  s t e p  function s t a r t i n g  a t  time T 

voltage, V 

peak output voltage, V 

i n i t i a l  t a rge t  velocity,  m/sec 

threshold voltage, V 

envelope of t he  narrow band random process 

dumy variable of integrat ion 

output power, W 

deflection, m 

velocity,  m/sec 
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2 
idea l  0 

0V2 

0 

w 

wmax 
% 

w0 

acceleration, m/sec2 

maximum deflection, m 

gaussian noise voltage, V 

system function 

maximum amplitude of the def lect ion envelope, m 

modulus of e las t i c it y , newt ons/m2 

noise voltage of t h e  random process, V 

damping constant , l/sec 
i n t e rva l  o r  change of a quantity 

impulse function 

permitt i v i t  y, F/m 

time duration of a rectangular impulse, sec 

mean square noise voltage of 

minimum noise power, v2 
variance of p(v),  v2 
phase delay between forcing function and deflection, radians 

radian frequency, l/sec 

frequency of maximum response f o r  forced vibrations,  l /sec 

undamped na tura l  frequency, l /sec 

damped na tura l  frequency, l /sec 

x ( t ) ,  v2 

DESCRIPTION OF MOMENTUM TFXNSDUCER 

Basic Transducer Components 

Basically, t h e  transducer consis ts  of a simple spring-mass system wherein 
a t a rge t  i s  suspended s o  t h a t  i t s  motion i s  r e s t r i c t e d  primarily t o  one direc-  
t i on .  The e s sen t i a l  components of t he  momentum transducer a re  shown i n  f i g -  
ure l ( a ) .  The t a r g e t  and stem form an i n t e g r a l  mss r i g i d l y  attached t o  two 
widely spaced p a r a l l e l  piezoelectr ic  ceramic beams. The beams, a t  t h e  oppo- 
s i te  ends, a r e  attached t o  a comon support. These beams serve not only as 

5 
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t h e  springs of t h e  suspension but also,  by t h e i r  inherent piezoelectr ic  char- 
a c t e r i s t i c s  (mechanical t o  e l e c t r i c a l  energy converters) , as motion sensing 
elements. Further, t he  beams a re  appropriately oriented t o  be sens i t ive  i n  
terms of voltage output r e l a t i v e  t o  motion i n  t h e  d i rec t ion  of t he  pr inc ipa l  
axis of t h e  transducer. S i lver  electrode material i s  bonded t o  the  surfaces 
of m a x i m u m  stress. The beams a re  inser ted through the  stem and support and 
a re  bonded i n  place with a nonconductive epoxy cement. The s i l v e r  electrode 
mter ia l  i n  t h i s  a rea  i s  removed pr ior  t o  bonding t o  improve mechanical end 
f i x i t y  and e l e c t r i c a l  insulat ion.  
removed i n  t h e  center portion f o r  e l e c t r i c a l  reasons which a re  discussed i n  
appendix A. 

The s i l v e r  electrode mater ia l  i s  a l s o  

For ruggedness, a s top  member i s  attached t o  the  support ( f i g .  l ( a ) ) .  
This member i s  provided with an oversize bore ( f ig .  l ( b ) )  t o  receive t h e  stem 
s o  as not t o  in t e r f e re  with v e r t i c a l  motion but t o  provide lateral  limits 
and/or t o r s iona l  l i m i t s  about a transverse axis .  
i s  provided with passages which a re  coaxial  t o  those through the  stem 
( f ig .  l ( c ) )  . 
locking pin f i t s  snugly i n  the  s top  member'as wel l  as i n  t h e  stem and when the  
transducer i s  not i n  use, helps t o  prevent damage due t o  shock loads caused by 
rough handling, t ransportat ion,  e t c .  I n  contrast ,  t he  overload s top pin i s  
snugly received i n  the  s top  member but i s  received i n  an oversized passage i n  
t h e  stem. This arrangement provides an overload l imi t  i n  t he  d i rec t ion  of t h e  
pr inc ipa l  ax is  of t he  transducer. Metal shields  protect  t he  ceramic beams and 
associated e l e c t r i c a l  leads against  damage. The shields  serve a twofold pur- 
pose i n  a l so  providing e l e c t r i c a l  i so l a t ion  from s t r a y  f i e l d s .  A prototype 
transducer with shielding removed is  shown i n  f igure  2 ( a ) .  
transducer with preamplifier attached i s  shown i n  f igure  2(b) .  

I n  addition, t he  s top  member 

Two pins a re  inser ted through t h e  horizontal  passages. The 

An assembled 

Sensing Elements 

The piezoelectr ic  beams used as sensing elements i n  a l l  transducers d i s -  
cussed herein a r e  a polycrystal l ine modified lead zirconate t i t a n a t e  ceramic. 
I ts  high cur ie  temperature, about 300° C y  makes it an idea l  sensing element 
over a wide temperature range. The ceramic has a high d i e l ec t r i c  constant, 
1600, which minimizes cable loading e f f ec t s  on i t s  performance. The beam 
dimensions and equivalent c i r c u i t  f o r  a cant i lever  beam a re  summarized i n  
t ab le  I. 

The beam i s  a s ingle  element with a s e r i e s  of parallel holes, running t h e  
length of t he  element, coated with graphite t o  provide t h e  cen t r a l  conductor 
required f o r  polar izat ion.  
plane of the  hole pa t te rn  a re  coated with s i l v e r .  These electrodes form t h e  
e l e c t r i c a l  capacitance across which the  charge i s  developed. 
developed i s  proportional t o  the  beam deformation. 

The f l a t  surfaces of the  beam p a r a l l e l  t o  t he  

The charge 
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In t eg ra l  Absolute Calibrator 

The transducer can be simply modified, i f  desired, t o  incorporate an 
absolute ca l ibra t ion  uni t  i n  t h e  form of a pa i r  of e l e c t r o s t a t i c  p la tes .  (See 
f i g .  3.)  The movable p l a t e  i s  an aluminized quartz disk attached t o  t h e  lower 
end of t h e  stem. The s ta t ionary  p la te  and guard r ing  a re  mounted on a 
dielectric-support  f i x t u r e  attached t o  the  transducer support. The aluminized 
quartz disk i s  e l e c t r i c a l l y  insulated from the  stem and a f i n e  wire i s  
attached between t h e  d i sk  and t h e  guard r ing.  The e l e c t r o s t a t i c  components 
a re  enclosed by metal p la tes  and the  outside of the  dielectric-support  f i x t u r e  
i s  coated with a conductive type paint.  Thus t h e  e l ec t ros t a t i c  un i t  i s  elec- 
t r i c a l l y  shielded from the  transducer and surroundings. The components a re  
shown i n  f igure  3(b)  and an assembled transducer i s  shown i n  f igure  3 ( c ) .  

Mechanical Common-Mode-Noise Rejection 

A transducer which i s  capable of detecting very minute impacts i s  inher- 
en t ly  a sens i t ive  accelerometer and hence responds t o  any accelerations 
induced through i t s  mounting. I n  order t o  suppress unwanted e l e c t r i c a l  s ig-  
na ls  mechanically induced through mounting supports, a compensator w a s  added, 
amounting e s sen t i a l ly  t o  a second transducer mounted on the  same support mem- 
ber.  
t i o n  t h a t  a dummy volume of equal mass i s  used i n  place of t h e  t a rge t .  The 
two transducers a re  arranged so t h a t  t h e i r  p r inc ipa l  axes a re  p a r a l l e l  and a re  
located as close together as a side-by-side arrangement w i l l  allow with t h e  
transducers inverted with respect t o  each other. Thus, any extraneous vibra- 
t i ons  w i l l  be equally detected by both t h e  primary and secondary uni t ,  and the  
e l e c t r i c a l  output from the  secondary uni t  can be subtracted from t h e  output of 
t h e  primary un i t  t o  a t tenuate  a l l  responses except those caused by impacts on 
t h e  t a rge t  of t h e  primary uni t .  

(See f i g .  4.) The second transducer i s  made iden t i ca l  with t h e  excep- 

THEORY OF OPERATION 

The design of t h e  momentum transducer provides an instrument which w i l l  
respond t o  e i the r  s teady-state  o r  t rans ien t  inputs.  These inputs can be 
induced mechanically o r  e l e c t r i c a l l y .  T h i s  fea ture  makes the  transducer 
applicable t o  a wide var ie ty  of uses and t o  unique ca l ibra t ion  techniques. 
Since t h e  transducer w a s  primarily designed f o r  measuring impacts of microme- 
teoroids,  t he  discussion herein w i l l  be devoted t o  response r e l a t ions  
associated with t rans ien t  inputs.  

Transducer Momentum R e s  pons e 

The pr inc ipa l  aspects of t h e  response of t h e  transducer t o  an impact are 
amenable t o  a very simple analysis  i f  t h e  duration of t h e  impact i s  short  com- 
pared t o  the  na tura l  period of t h e  transducer, t h e  system i s  l i g h t l y  damped, 
the mass of the impacting p a r t i c l e  i s  much less than the mass of t h e  ta rge t ,  
and t h e  support has i n f i n i t e  mss. 



Under these conditions an impact w i l l  t r a n s f e r  momentum t o  the  t a rge t  
mass according t o  the  equation 

PX = kpPi 

where 

p i  p ro j ec t i l e  momentum 

px t a rge t  momentum 

momentum t r ans fe r  parameter of proportionali ty;  1 f o r  completely inelas-  
t i c  impact and 2 f o r  completely e l a s t i c  im-pact 

kp 

The value of 
which produce e j ec t a  f romthe  ta rge t ,  kp 
of momentum, 

kp may l i e  anywhere between 1 and 2 and, i n  t h e  case of impacts 
may exceed 2. Fromthe def in i t ion  

PX = M V i  (2) 

where 

M t a r g e t  mass (including stem and ef fec t ive  beam mass) 

V i  t a rge t  ve loc i ty  

The impact imparts a k ine t ic  energy t o  the  system 

If V i  i s  subst i tuted from equation (2)  

2 

px K.E. = - 2M (4) 

If one assumes no in t e rna l  l o s s  i n  the  system, then a t  t h e  peak of the  deflec- 
t i o n  the  k ine t ic  energy i s  converted t o  poten t ia l  energy 

( 3 )  1 
2 

K.E. = P.E. = - eo2 

where 

K spring constant 

xo 

Combining (4 )  and ( 5 )  and solving f o r  

maximum displacement of the  mass 

xo, we have 
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XO = - m 
From equation (6) it can be seen t h a t  t h e  peak spring def lect ion i s  d i r e c t l y  
proportional t o  t h e  t a rge t  momentum. Following t h e  peak def lect ion t h e  system 
w i l l  o s c i l l a t e  i n  a decaying s inusoidal  t rans ien t .  

If t he  p ro jec t i l e  momentum i s  desired, t he  momentum t r ans fe r  constant, 
kp, must be considered. 
p ro j ec t i l e  momentum can be expressed as  follows: 

The re la t ionship  of t a rge t  displacement i n  terms of 

xo = - k p  P i  m (7) 

I n  order t o  meet 
t m ,  i s  short  compared 
be s a t i s f i e d  t h a t  

t he  assumed condition tha t  t h e  duration of t he  impact, 
with t h e  period of t he  transducer, t he  condition should 

where fn, t h e  na tura l  frequency of an undamped spring-mass system, i s  well  
known t o  be 

f n  =‘J 27t M 

Transducer Response t o  Various Types of Drive Force 

The complete equation of motion f o r  t he  transducer i s  

The solutions f o r  various types of driving forces  a re  given i n  t ab le  11. The 
responses resu l t ing  from t h e  d ive r s i ty  of driving forces  suggest ca l ibra t ion  
procedures as wel l  as many appl icat ions of t he  transducer, i n  addi t ion t o  the  
measurement of momentum of micrometeoroids. 

The complete equation f o r  t h e  response t o  an impulse i s  given i n  row N 
of t ab le  11. It confirms t h e  s implif ied analysis  t h a t  f o r  an impulse t h e  max-  
i m u m  amplitude of t h e  envelope of t h e  decaying exponential i s  d i r e c t l y  propor- 
t i o n a l  t o  t h e  input momentum. 

For various applications associated with impacts and ca l ibra t ion  tech- 
niques, it i s  of i n t e r e s t  t o  determine t h e  e f f ec t  of impact duration on t h e  
transducer response. For t h i s  purpose it i s  logica l  t o  determine response 
charac te r i s t ics  for rectangular pulses of driving force of various durations 
but with t h e i r  amplitudes inversely proportional t o  t h e i r  duration so t h a t  t h e  

9 
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momentum is  the  same i n  each case. The transducer with i n t e g r a l  
lends i tself  t o  t h i s  simple dr ive force input.  The d i f f e r e n t i a l  

ca l ib ra to r  
equation i s  

Since f o r  t he  transducer w o w  %, t h e  s implif ied solut ion r e s u l t s  i n  a 
response f o r  t > T as shown i n  row V of t ab le  11. The calculated response 
of t he  transducer ( the  var ia t ion  of t h e  m a x i m u m  amplitude of t he  envelope of 
t he  decaying exponential) with time duration i s  shown i n  f igure  5 .  
noted t h a t  t h e  time duration of t he  pulse can have a n  appreciable influence on 
t h e  transducer response. However, even when t h e  pulse duration i s  as great  as 
one four th  of a cycle of t h e  resonant frequency of the  transducer t h e  response 
i s  s t i l l  88 percent of t h a t  corresponding t o  a t r u e  impulse input. 
ant ic ipated t h a t  input pulses having shapes other than rectangular would 
produce qui te  s imilar  responses. 

It may be 

It i s  

TRANSDUCER DESIGN CONSIDERATIONS 

Mechanical Compliance and Resonant Frequency 

The piezoelectr ic  beams of t he  transducer a re  i n  the  form of fixed-end 

i s  t h e  force applied t o  
beams with one end displaced by t h e  motion of t h e  t a rge t .  (See f i g .  6.) The 
free-body diagram i s  shown i n  f igure  6(b) where 
t h e  beam. From consideration of symmetry, and the  f a c t  t h a t  t he  center point 
i s  a point of i n f l ec t ion  (Mo = 0) ,  it i s  apparent t h a t  each half  of t h e  beam 
behaves as a cant i lever  beam as indicated i n  f igure  6 ( c ) .  
def lect ion of t h e  beam i s  twice t h a t  of one of t h e  cantilevers,  t h a t  is, 

P 

The over-al l  

Since there  a re  two beams supporting t h e  t a rge t ,  P = F/2 i f  t h e  force on t h e  
t a rge t  i s  F, and 

This i s  precisely t h e  same deflect ion as f o r  a cant i lever  beam of length 
and applied force F. One may therefore  compute the  mechanical compliance 
(Cm = 1/K) d i r e c t l y  from the  formula f o r  
values f o r  length and force.  

L/2 

C,' i n  t ab le  I, using the  above 

For a precise  computation of t he  na tura l  frequency, allowance must be 
made f o r  t h e  e f fec t ive  mass of the  beams since t h e  elements a t  d i f fe ren t  
points along t h e  beams enter  t o  varying extents  i n t o  the  motion. The reso- 
nant frequency of an undamped cant i lever  beam with a concentrated mass at  t h e  
end has been computed by the  energy method i n  reference 2 and the  e f fec t ive  

10 



mass of the beam proper w a s  found t o  be 0.236 times the  real  mass. Performing 
t h e  equivalent computations f o r  one beam of t he  momentum transducer r e s u l t s  i n  
a f ac to r  of 0.309, t h a t  is, grea te r  by a f ac to r  of 1.31, so  t h a t  t he  na tura l  
frequency is, i n  terms of t h e  simple cant i lever  beam equivalent mass (%'), 

I 7 

where the  f ac to r  of 2 accounts f o r  t he  presence of the  two beams of t he  
transducer. 

Although t h e  influence of damping on t h e  resonant frequency may not be 
s ign i f icant  f o r  some applications,  t he  damping i s  of considerable significance 
f o r  t h e  performance of the  transducer i n  terms of t he  decay t i m e .  Unfortu- 
na te ly  the  damping cannot be precisely determined i n  advance because of lack 
of knowledge of t h e  beam material and because of indeterminates associated 
with t h e  beam-end f i x i t y .  However, t h e  damping i s  readi ly  obtained experimen- 
t a l l y  from measurement of t h e  decay r a t e  of t he  f r e e  vibrat ion and can usual ly  
be t a i lo red  t o  s u i t  the  application. 

Transducer Voltage Output 

Since the  charge generated i n  any portion of a beam i s  proportional t o  
t h e  area under t h e  moment diagram, the  over-al l  voltage between the  f u l l  upper 
and lower surfaces of one of the  beams would be zero because of t h e  opposite 
d i rec t ion  of t h e  bend i n  the  two halves. For t h i s  reason a gap i s  made i n  t h e  
electrodes a t  midspan and t h e  two halves a re  connected i n  pa ra l l e l .  
appendix A.) Only one beam i s  used f o r  t h e  output signal;  the  other beam i s  
reserved f o r  ca l ibra t ion  purposes. With t h i s  arrangement the  voltage output 
i s  t h a t  of one-half beam, and the  capacitance i s  twice t h a t  of one-half beam. 
For the  typ ica l  cant i lever  of t a b l e  I with force  P, t he  output voltage E '  
i s  

(Note 

L '  E '  = N'P = 0.56 - P, v o l t s  wt 

For t h e  ac tua l  cant i lever  half-beam L '  = L/2 and P = F/2 s o  t h a t  

E = 0.56 wt L/2 (5) F 

and 

E L N = - = 0.14 - F wt 

I n  these equations t h e  primed symbols r e f e r  t o  t h e  t y p i c a l  cant i lever  equa- 
t ions;  whereas t h e  symbols without primes refer t o  the  ac tua l  transducer and 
the  t o t a l  t a r g e t  force  F. 

11 
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Similarly, 
L 2)w C e  = 2(450) = 450 , p@ 

(Note t h a t  i n  eqs. (14) through (l7), L, w, and t are i n  inches.) 

For t h e  appl icat ion of t he  transducer t o  t h e  measurement of impacts it i s  
of i n t e r e s t  t o  relate t h e  transducer voltage response t o  t h e  input momentum. 
From equation (6) f o r  t he  peak def lect ion due t o  an impact, t h e  corresponding 
maximum force i s  

with a corresponding output voltage 

E = N F = Npx% 

Defining t h e  momentum transducer r a t i o  as  Mp 3 E/&, then one obtains 

Np = q.$l 

MEASUREMENTS AND TEST FSSULTS 

Calibration Techniques 

Low-velocity impacts.- &ny techniques have been devised (ref. 3 )  f o r  
ca l ibra t ing  microphone detector  systems with small pa r t i c l e s  t rave l ing  a t  r e l -  
a t i v e l y  10; veloc i t ies .  
ping of spherical  beads of various s izes  and dens i t i e s  from a known height. 
This technique has many l imi ta t ions  and i s  impractical  f o r  momenta below 
dyne-sec. However, as an expedient technique f o r  obtaining momenta of t h i s  
value and higher, t h e  bead-drop technique w a s  employed. I n  order t o  assure 
consistent values of momentum f o r  consecutive drops, a bead release technique 
d i f fe ren t  f r o m t h a t  of reference 3 w a s  devised. This consisted i n  using a 
very f i n e l y  drawn g lass  tube i n  which the  in t e rna l  pressure could be reduced 
su f f i c i en t ly  t o  hold a bead i n  contact with t h e  g lass  a t  the  f i n e  drawn end, 
thereby assuring a consistent drop height. To provide a consistent re lease of 
t he  bead, t he  pumping source w a s  inact ivated and the  bead would f a l l  f r e e  a t  
the  ins tan t  when the  weight of t h e  bead had exceeded the  equivalent force pro- 
duced by the  slowly increasing in t e rna l  pressure. The beads were dropped on a 
very t h i n  layer  of modeling clay on the  t a r g e t  so t h a t  they would come t o  r e s t  

The generally accepted technique involves the  drop- 

1 

upon impact; thus rebounding w a s  elimiEafied .l 
1In the  case of a bead drop t h e  input includes, i n  addi t ion t o t h e  

desired impulse force  produced by the  bead on impact, a s t e p  force produced 
by the  weight of t he  bead. The s t e p  function produces a constant displacement 
superimposed on a damped cosine wave (see t a b l e  11, row 11). 
displacement i s  not seen by the  ac-coupled instrumentation and the  damped 
cosine wave i s  90' out of phase with t h e  impulse response. 
row IV . )  
s ine  wave response i s  less than 5 percent f o r  t h e  lowest drop height used 

The constant 

(See t ab le  11, 
Thus t h e  e f f ec t  of t he  damped cosine wave when combined with t h e  

( 3  c d  
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Controlled induced displacement.- Although the  bead-drop technique sub- 
s t an t i a t ed  t h a t  t he  transducer i s  l i nea r  over a range from t o  1 dyne-sec, 
a s  w a s  ant ic ipated by theory, it w a s  desirable  t o  determine the  usable thresh- 
o ld  of the  transducer as l imited by the  signal-to-noise r a t i o .  A convenient 
means f o r  applying precisely controlled ca l ibra t ing  forces covering the  e n t i r e  
transducer range i s  avai lable  i n  the  piezoelectr ic  beams. If a voltage i s  
applied t o  one of t h e  piezoelectr ic  beams, a charge r e s u l t s  which d i s t o r t s  t h e  
beam, def lect ing t h e  t a rge t .  With a dc voltage t h i s  displacement remains 
f ixed as long as t h e  poten t ia l  i s  applied. However, when t h e  switch i s  opened 
and t h e  beam charge allowed t o  d iss ipa te  suddenly through a shunt r e s i s to r ,  
the  suspended mass w i l l  v ibra te  f ree ly .  The response obtained by t h i s  tech- 
nique i s  almost indistinguishable from t h a t  obtained by a t r u e  impact on the  
t a rge t .  A t yp ica l  momentum ca l ibra t ion  curve i s  shown i n  f igure  7. These 
data were obtained by both the  bead-drop and induced-deflection techniques. 
It may be noted t h a t  t he  transducer response i s  d i r e c t l y  proportional t o  
impact momentum. The r epea tab i l i t y  obtained by t h e  induced-def lec t ion  tech- 
nique was excellent t o  an equivalent momentum of the order of lo-' dyne-sec, 
a t  which l e v e l  t he  s igna l  began t o  be l o s t  i n  noise. The voltage for t h e  
def lect ion technique w a s  reduced i n  s teps  t o  t he  order of a few mi l l i vo l t s  i n  
order t o  simulate impacts of l e s s  than dyne-sec. To obtain a favorable 
signal-to-noise r a t i o  so  t h a t  the  l o w  momentum threshold could be determined, 
t he  transducer was suspended by rubber bands i n  a chamber which w a s  then 
evacuated. 

In t eg ra l  absolute ca l ibra tor  .- The in t eg ra l  absolute ca l ibra tor ,  as pre- 

The 
viously discussed and shown i n  f igure  3, can be used i n  l i e u  of t h e  beam- 
induced displacement technique t o  produce e s sen t i a l ly  iden t i ca l  r e su l t s .  
advantage of t he  technique i s  t h a t  t h e  cal ibrator ,  being absolute, requires  no 
reference and fur ther ,  i s  independent of any changes i n  the  transducer char- 
a c t e r i s t i c  which might conceivably be brought about,for example, by environ- 
mental conditions. The ca l ib ra to r  does, however, require addi t ional  hardware. 
The movable disk adds mass t o  the  t a rge t  and higher ca l ibra t ion  voltages a r e  
required. A s ign i f icant  fea ture  of t h e  absolute ca l ibra tor  i s  t h a t  a pulse 
of known force and duration can be d i r e c t l y  induced through t h e  stem of the  
transducer. For simulating impacts, t he  pulse duration must be short  compared 
t o  t h e  t ransducer 'snatural  period of osc i l la t ion ,  as has been previously d is -  
cussed i n  the  theory of operation. 

The equations applicable t o  the  ca l ibra tor  a r e  as follows: 

The force determined by t h e  capacitor geometry and applied voltage ( r e f .  4) 
may be wr i t ten  as: 

where i s  t h e  d i e l e c t r i c  constant of t he  a i r  i n  t h e  gap, S i s  the  spacing 
between the  plates,and A i s  t h e  e f fec t ive  p l a t e  area.  The momentum equation 
may thus be rewri t ten as: 
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px = 4.43x10-12 A V2tm, newton-sec 
S2 

The capacitor voltages a r e  qui te  high compared t o  t h e  output voltage of 
t h e  transducer; hence adequate e l e c t r i c a l  shielding i s  e s s e n t i a l  so t h a t  t h e  
capacitor voltage w i l l  not induce voltage i n  t h e  p iezoe lec t r ic  beams o r  leads.  
Having establ ished t h a t  t h e  instrument output i s  l i n e a r  with momentum, one can 
then make a simple t e s t  t o  determine t h e  presence or absence of interference 
by reviewing a p lo t  of transducer output as a funct ion of the  square of t he  
capacitor input voltage. A l i n e a r  va r i a t ion  ind ica tes  t h e  absence of i n t e r -  
f erence . 

Response Relative t o  h p a c t  Location 

One of t he  basic  requirements i n  t h e  design w a s  t h a t  t he  detector  t a r g e t  
have uniform s e n s i t i v i t y  over i t s  e n t i r e  area.  Tests employing the  bead-drop 
technique were made t o  evaluate t h i s  feature .  
a r e  shown i n  f igure  8. 
momentum along t h e  axis of a 10-cm r i g i d  t a rge t  at  various distances from the  
pr inc ipa l  ax is  of t h e  transducer.  
l a r l y  i n  contrast  with microphone-type transducers (ref.  3 ) .  
pointed out t h a t  t he  va r i a t ion  can be considerably reduced,if desired, by 
increasing the  beam spacing and/or reducing the  beam length. 

Typical r e s u l t s  of the  t e s t s  
These data  were obtained by impacts of near ly  constant 

The va r i a t ion  i s  considered s m a l l ,  par t icu-  
It should be 

Response Relative t o  Angle of Impact 

After it w a s  ascer ta ined t h a t  t h e  transducer response w a s  d i r e c t l y  pro- 
p o r t i o n a l t o  momentum i n  a d i rec t ion  p a r a l l e l  t o  t h e  pr inc ipa l  axis of t h e  
transducer, it w a s  then of i n t e r e s t  t o  determine t h e  transducer response 
resu l t ing  f r o m t h e  impact of a p a r t i c l e  having momentum i n  a d i rec t ion  oblique 
t o  the  transducer pr inc ipa l  ax is .  Since hypervelocity impact phenomena a re  
not c l ea r ly  understood and there  i s  a dearth of information as t o  momentum o r  
energy t r ans fe r  a t  oblique angles, the t e s t s  of d i r ec t iona l  response were made 
by the  low-velocity bead-drop technique. 
( f i g .  9), t h e  t a r g e t  surface w a s  maintained i n  a horizontal  plane f o r  each 
angle t e s t ed  i n  order t o  assure  t h a t  an axial component of momentum propor- 
t i o n a l  t o  cos 8 and a t ransverse component proportional t o  s i n  8 a r e  
applied t o  the  stem of the  transducer. 
superimposed on a cosine curve t o  show any deviation from a t r u e  s ingle-  
degree-of-freedom response. 

Moreover, as shown i n  the  sketches 

The data  a r e  presented i n  f igure  9 

Good agreement i s  shown f o r  low-speed impacts. 

Response t o  Hypervelocity Pa r t i c l e  Impacts 

I n  order t o  simulate micrometeoroid impacts, a modified 2-million vo l t  

Instrumentation similar t o  t h a t  used i n  the  t e s t  
e l e c t r o s t a t i c  accelerator  w a s  used. The f a c i l i t y  and i t s  operation a re  
described i n  reference 6. 
t o  measure ve loc i ty  and p a r t i c l e  mass i s  discussed i n  reference 7. The accel-  
e r a to r  and associated instrumentation were made avai lable  by contract  with the  
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Space Technology Laboratory, Redondo Beach, California.  
a t  t h e i r  laboratory with t h e  assis tance of the  Physical Research Division 
staff. A photograph of t he  t e s t  setup i s  shown i n  f igure  10. The base of t h e  
Van de G r a a f f  accelerator  can be seen through the  opening i n  t h e  w a l l  a t  t h e  
r igh t .  The launching tube extends f romthe re  t o  t h e  micrometeoroid transducer 
chamber a t  t h e  end t o  t h e  l e f t .  The two boxes along t h e  tube house ve loc i ty  
and pa r t i c l e  alinement detectors .  An addi t ional  alinement detector having a 
3/16-inch opening i s  located a t  t h e  end of t he  tube adjacent t o  t h e  transducer 
ta rge t .  The en t i r e  enclosure i s  evacuated t o  a pressure of t he  order of 
t o r r .  A schematic diagram of t h e  apparatus and instrumentation i s  shown i n  
f igure  11. 

The t e s t s  were made 

The impact momentum as measured by t h e  transducer i s  shown as a function 
of pa r t i c l e  momentum i n  f igu re  12 f o r  several  t a r g e t  materials.  The acceler- 
a ted pa r t i c l e s  were i ron  spheres f o r  a l l  tests. 
from 1.6 t o  4.5 microns f o r  a ve loc i ty  range of 4 t o  1.3 km per second, 
respectively.  
approximately 1 percent and of the  mass, 10 percent. 
materials were g rea t ly  d i f fe ren t  i n  composition (stone, p l a s t i c ,  and metal) 
t h e  momentum t r ans fe r  constant of proport ional i ty  i s  shown t o  be between 1 and 
2. The major portion of t h e  data w a s  obtained f o r  momenta from loW5 t o  10-4 
dyne-sec. The upper l i m i t  w a s  s e t  by t h e  capabi l i ty  of t h e  accelerator  and 
the  lower by t h e  environmentally induced mechanical noise. 
made under adverse noise conditions. The signal-to-noise voltage r a t i o  f o r  
t h e  67 impacts shown i n  f igure  12 had a mean value of 5.0 with a standard 
deviation of 2.5. The subject of noise, both e l e c t r i c a l  and mechanical, and 
i so l a t ion  techniques w i l l  be discussed subsequently. 

The p a r t i c l e  diameters ranged 

The accuracy of measurement of t h e  ve loc i ty  w a s  believed t o  be 
Although t h e  t a rge t  

The t e s t s  were 

MECHANICAL ANE ELECTRICAL NOISE 

Noise Suppression Techniques 

The transducer and the  associated electronic  system a re  subject t o  both 
mechanical and e l e c t r i c a l  noise. Mechanical noise i s  pa r t i cu la r ly  troublesome 
because of t h e  extreme s e n s i t i v i t y  of t he  transducer and the  d i f f i c u l t y  of 
avoiding small shocks and vibrat ions i n  t h e  environment. I n  i t s  use i n  t h e  
laboratory, t h e  m i n i m  threshold (maximum sens i t i v i ty )  of t he  transducer f o r  
quant i ta t ive measurements has been d ic ta ted  predominately by the  mechanical 
noise. For t h i s  reason t h e  minimization of mechanical noise w i l l  be consid- 
ered first.  
quently, including consideration of a detection scheme which would be 
applicable f o r  a micrometeoroid detector  where t h e  impact rate i s  low. 

A more de ta i led  analysis  of t he  noise problem i s  given subse- 

I so la t ion  from mechanical noise.- The design frequency of t h e  transducer 
(approximately 140 cps), which w a s  se lected from a consideration of e l e c t r i c a l  
noise interference i n  t h e  laboratory, i s  i n  a region which i s  known t o  be d i f -  
f i c u l t  t o  i s o l a t e  mechanically. 
transducer t h a t  t h e  most expedient and e f f i c i e n t  i so l a t ion  w a s  obtained by 
suspending the  transducer by common gum-rubber bands. 

It w a s  found during the  development of t h e  
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For t h e  hypervelocity impact t e s t s  (see measurements and tests r e s u l t s )  
where physical pa r t i c l e s  were used, t h i s  technique w a s  not considered f eas ib l e  
s ince precise locat ion and angle of t h e  impact w a s  desired.  
c l e s  were accelerated i n  a horizontal  plane ( f ig .  10) and the  transducer prin- 
c i p a l  axis w a s  a l s o  i n  a horizontal  plane, a compound pendulum suspension 
having a low na tura l  frequency w a s  employed ( f i g .  13).  
res ted  on a bpound lead mass which was i n  t u r n  supported by four shock mounts 
attached t o  a cradle.  The cradle w a s  suspended by two wires with i t s  center 
of grav i ty  s l i g h t l y  below t h e  fulcrum, or hinge point.  
( f ig .  10) w a s  supported by commercial shock mounts and t h e  system tuned t o  a 
very low frequency by adding mss. 
belt-driven drum un i t  i n  t h e  Van de Graaff generator induced severe vibrat ion 
along t h e  launch tube. This w a s  e s sen t i a l ly  eliminated by constructing the  
launch tube of several  sections which were independently supported but i n t e r -  
connected by rubber tubing. An a i r  bearing w a s  used between the  shock-mounted 
chamber and t h e  support platform s o  t h a t  t he  chamber could e s sen t i a l ly  f l o a t  
i n  t h e  longi tudinal  d i rec t ion  of t he  launch tube. I n  order t o  maintain a bal-  
anced system when the  chamber-launch-tube assembly w a s  evacuated, a bungee 
cord w a s  at tached on the  opposite s ide of t he  chamber, a l ined i n  the  d i rec t ion  
of t he  axis of t h e  launch tube,and directed over a pulley t o  a dead weight 
near the f loo r .  The system w a s  su f f i c i en t ly  e f fec t ive  t o  allow impact meas- 
urements a t  a threshold of t he  order of dyne-sec, a s  shown i n  f igure  12. 
The r e s u l t s  were even more impressive when one considers t h a t  heavy machinery 
w a s  being operated i n  adjacent rooms i n  addi t ion t o  re f r igera tors ,  blowers, 
mechanical vacuum pumps, etc., i n  t h e  t e s t  room. In  addition, one s ide of t h e  
laboratory, adjacent t o  commercial roads, w a s  so l id  glass;  and heavy vehicular 
t r a f f i c  of a l l  types w a s  prevalent during t h e  e n t i r e  t e s t .  

Since the  parti- 

The transducer base 

The vacuum chamber 

To fu r the r  complicate the  problem, a heavy 

Mechanical comon-mode---no-ise re ject ion.-  I n  order t o  eliminate complex 
shock-mounting sys t em which a re  bulky and may involve heavy masses, it i s  
most desirable t o  devise a system f o r  noise suppression which i s  compact and 
l i g h t  i n  weight, and which can be made i n t e g r a l  with t h e  transducer. Such a 
system w a s  designed i n  the  form of an e s sen t i a l ly  duplicate compensating 
transducer as previously described i n  the  general  descr ipt ion of t he  momentum 
transducer. Although a very l imtted amount of time w a s  expended on the  
common-mode-noise-rejection feature ,  t he  t e s t  r e s u l t s  were impressive. 
order t o  determine the  effectiveness of t h i s  feature ,  wide-band gaussian noise 
w a s  introduced i n  t h e  d i rec t ion  of t he  pr inc ipa l  axis of t h e  transducer a t  i t s  
base by means of a shaker driven by a noise generator. Typical results a re  
shown i n  f igure  1 4  where comparative outputs a re  shown f o r  t he  t a rge t  un i t  
with the  dummy made inoperative by a mechanical lock and with the  common-mode- 
noise-rejection fea ture  operable. 
obtained for i den t i ca l  impacts. 
t i a l l y  t h e  same. 
noise input. 
re jec t ion  transducer i s  appreciable. 
t r a t e  the  effectiveness of t he  common-mode-noise-rejection feature  i n  
measuring an impact i n  the  presence of noise. 
t he  t a rge t  and dummy uni t s  were tuned t o  140 cps with an accuracy of 0.2 cps 
r e l a t ive  t o  each other by simply adding mass t o  t h e  uni t  having the  higher 
frequency. The outputs of t he  t a rge t  and dummy un i t s  were amplified independ- 
en t ly  and viewed simultaneously by use of an oscilloscope. The outputs of t he  

In  

The responses shown i n  f igure  14( a )  were 
It may be noted t h a t  t he  r e s u l t s  a re  essen- 

Figure 14(b) shows t h e  responses due t o  wide-band gaussian 
The effectiveness of t he  noise r e j ec t ion  by the  common-mode- 

The r e s u l t s  shown i n  f igure  14( c )  i l l u s -  

Pr ior  t o  making the  t e s t ,  
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un i t s  were s inuso ida lbu t  d i f fe red  i n  amplitude and phase. Obviously the  
phase difference precluded a t t a in ing  a n u l l  by adjusting the  gains t o  equal 
output voltages and then subtracting outputs. Hence the  gains were adjusted 
t o  obtain a minimum voltage when subtracted. The remaining voltage w a s  10 db 
below the  output voltage of t h e  t a rge t  un i t  alone. 

It is  apparent tha t  t h e  two un i t s  were not a perfect match. Perhaps a 
b e t t e r  response match could have been obtained by changing the  e l e c t r i c a l  load 
impedance of t he  lower beam of t h e  lower frequency uni t ,  t o  induce an equiva- 
l en t  compliance change, ra ther  than by adding mass t o  t h e  higher frequency 
uni t .  When the  transducer with common-mode-noise-rejection fea ture  w a s  
mechanically excited a t  precisely i t s  resonant frequency, a 50 db re jec t ion  
(400/1 signal-to-noise r a t i o )  w a s  real ized.  
ap@lications where narrow band f i l t e r i n g  can be u t i l i zed .  

This becomes very s igni f icant  €or 

For noise re jec t ion  i n  a common-mode transducer, it would be advantageous 
t o  have a b e t t e r  mechanical arrangement using a coaxial  arrangement of t he  
stems of t h e  t a r g e t  and d m  units ,  with t h e i r  respective centers  of mass 
coincident. A major improvement i n  re jec t ion  should a l s o  be rea l izable  i f  t h e  
amplified separate s ignals  from the  t a rge t  and dummy units a re  envelope- 
detected p r io r  t o  subtraction. 

E l e c t r i c a l  noise and i t s  minimization.- In  a spacecraft  it should be pos- 
s i b l e  t o  make mechanical noise much lower than on earth,  although there  w i l l  
s t i l l  be such mechanical inputs as s t ruc tu ra l  s h i f t s  due t o  thermally induced 
expansions and contractions, shocks due t o  impingement of micrometeoroids on 
other par t s  of t h e  skin, and accelerations due t o  motions of parts i n  other 
experiments. If t h e  mechanical compensation scheme described earlier i s  used, 
e l e c t r i c a l  noise may predominate i n  the  case of the  momentum transducer i n  t h e  
space vehicle.  For a s e n s i t i v i t y  t o  impact momenta on t h e  order of lo-' dyne- 
sec, t h e  e l e c t r i c a l  noise generated i n  the  transducer i t s e l f  and the  noise 
introduced by t h e  required amplifier can be kept within to le rab le  limits. 
T h i s  can be shown i n  several  s teps  as follows: 

Figure l3 (a )  shows an extremely simplified equivalent c i r c u i t  f o r  t he  
mechanically driven transducer followed by an amplifier with i t s  noise sources 
included and then a f i l t e r .  The only e l e c t r i c a l  noise source of t h e  t rans-  
ducer i s  i t s  leakage resis tance,  Rc, about 100 Mil. The load resis tance,  RL, 
i s  chosen such t h a t  maximum power t r ans fe r  from a capacit ive source t o  a 
r e s i s t i v e  load w i l l  occur, which means t h a t  t h e  absolute value of t he  capaci- 
t i v e  reactance must be equal t o  t h e  load resis tance.  This choice makes 
RL << Rc or about 2 Mil f o r  t h e  prototype transducer. The load resist- - 
ance RT, i s  shown noiseless  and a l l  amplifier noise i s  represented by en2 
and in', t h e  average square voltage and current.  With t h i s  s implif icat ion i n  
mind, t he  c i r c u i t  i s  fu r the r  reduced by Thevenin's theorem and shown i n  f i g -  
ure l ? ( b ) .  A s  can be seen, t h e  noise voltage generated by Rc i s  reduced by 
I/& t i m e s  t h e  r a t i o  of load  t o  leakage resis tance.  For a noiseless  amplif ier  
with a gain of unity, t he  average voltage due t o  t h e  transducer appearing at; 
t he  output w i l l  be ( f o r  a bandwidth of 2.5 cps, which w i l l  be j u s t i f i e d  later, 
and Rc = 50 RL) 



0.03 pv & = (4kTBRc)1’2 - RL = 
4% (24) 

while the  peak s igna l  voltage from the  ca l ibra t ion  curve ( f i g .  10) i s  10 pV. 

A s  an example of t h e  noise contributed by the  amplifier,  t h e  measured 
noise voltage and current sources for a field‘-effect  t r a n s i s t o r  a r e  given f o r  
t h e  operating frequency of t he  transducers. 

= 0.069 pV/C1/2 

0 = 0.0178 Y @ / C ~ ’ ~  
- 

The noise voltage due t o  in2 is  

,/? = B ~ / ~ R L  -/& = (~.~)1~2~xio6xo.oi~8xio-~~/~ = 0.0398 pv (25) 

and t h a t  due t o  is  

= (2.5)1’20.069/fl = 0.077 pV 

If one assumes t h a t  t he  amplifier noise sources a re  correlated,  t he  t o t a l  
noise w i l l  be 

This i s  indeed small with respect t o  a 10 pV peak s ignal .  

The choice of t h e  f i l t e r  bandwidth w i l l  now be j u s t i f i e d .  An impact of 
short  duration, on t h e  transducer t a rge t  i s  e s sen t i a l ly  an impulse function. 
The spectrum of an impulse function i s  a constant (i.e.,  a l l  frequencies a re  
represented with t h e  same amplitude). Thus, t he  r e l a t i v e  output power spec- 
t r a l  density f o r  t he  impulse input i s  the  same as t h e  frequency response curve 
charac te r i s t ic  of t h e  transducer, and t h e  s igna l  bandwidth t o  t he  half-power 
points i s  

& = -  cd M (radians/sec) (27) 

By a ru l e  of thumb, the  f i l t e r  should have about t h e  same bandwidth as 
t h e  s ignal .  A second transducer following t h e  amplifier and tuned t o  the  same 
resonance frequency as t h e  momentum transducer makes an excellent f i l t e r .  
This method of f i l t e r i n g  w a s  used when the  ca l ibra t ion  curve i n  f igure  10 w a s  
obtained. 

I n  order t o  achieve the  above to le rab le  e l e c t r i c a l  noise levels ,  a t ten-  
t i o n  t o  d e t a i l s  is  important. Low-noise d i f f e r e n t i a l  amplifiers having good 
comon-mode e l e c t r i c a l  re jec t ion  a r e  used. Wherever appropriate, ba t t e r i e s  
i n  place of dc power supplies are employed and a t r ans i s to r i zed  bat tery-  
powered preamplifier i s  attached d i r e c t l y  t o  the  instrument. 
This makes possible the  use of very f i n e  enameled wire leads t o  interconnect 
the  preamplifier and amplifier.  

18 

(See f i g .  2(b) . )  

These so f t  f i n e  wires assist i n  reducing 



mechanical noise transmission and are e s sen t i a l  f o r  applications requiring low 
threshold sens i t i v i ty .  Since the  mechanical noise i n  ground appl icat ions by 
far  overshadows t h e  e l e c t r i c a l  noise problem, electronic  f i l t e r i n g  and other 
e lectronic  systems are employed t o  reduce mechanically induced noise. The 
select ion of t he  type of e lectronic  components and t h e i r  effectiveness i n  
noise reduction i s  d i r e c t l y  dependent upon t h e  application. 

Electronic Systems and D a t a  Reduction Techniques t o  Provide Low 
Level Impact Detection Thresholds 

False alarm probability.- For measurements i n  the  laboratory the  main 
in t e re s t  w a s  i n  measuring with reasonable accuracy the  momentum of an impact 
occurring a t  a known time. It w a s  accepted, more qua l i ta t ive ly  than quantita- 
t ive ly ,  t h a t  i n  order t o  obtain a useful  measurement the  s igna l  must r i s e  
s ign i f i can t ly  above the  noise level .  I n  an appl icat ion such as a micrometeor- 
oid detector  on an ear th  s a t e l l i t e  or a space probe, on the  other hand, one i s  
in te res ted  i n  measuring t h e  magnitude of impact momentum with f a i r  accuracy, 
but one i s  a l so  in te res ted  i n  detect ing and counting impacts down t o  t h e  
lowest threshold l e v e l  a t  which an impact can barely be discerned with some 
degree of cer ta inty.  This leads t o  t h e  s t a t i s t i c a l  question as t o  whether the  
noise f luctuat ions w i l l  be large enough t o  cause an objectionable number of 
f a l s e  alarms, t h a t  i s ,  s ignals  t h a t  w i l l  be mistaken f o r  dyne-sec l e v e l  
impacts . 

Noise i n  t h e  momentum transducer system, shown i n  t h e  block diagram i n  
f igure  16(a) ,  comes from numerous sources, some mechanical and some e lec t r ica l ,  
as discussed previously. Because of t he  f i l t e r i n g  act ion of both the  t rans-  
ducer i t s e l f  and of t he  f i l t e r  following the  amplifier, t he  output noise w i l l  
almost cer ta in ly  be a narrowband gaussian random process with zero mean (see 
r e f s .  8 through 11). 

I n  t h i s  case the  probabi l i ty  density function i s  

and 

x ( t )  = v(t)cos(wot + e )  

where 
which i s  equal t o  the  resonance frequency of t he  sensor, and 
square noise voltage of x ( t ) .  

V ( t )  i s  the  envelope (see f i g .  16(b) ) ,  wo t h e  frequency of t h e  process 
a2 t h e  mean 

The envelope follows a Rayleigh d i s t r ibu t ion  

If a threshold i s  selected such tha t  any excursion of t h e  envelope vol t -  
age above t h i s  threshold i s  assumed t o  be the  r e s u l t  of a micrometeoroid 
impact, then any excursion above t h i s  threshold due t o  noise alone would rep- 
resent  a spurious count, or false alarm. For t h e  above Rayleigh d is t r ibu ted  



envelope the  noise exceeds a threshold l e v e l  
times per second, where 

Vo an average of 1/2 N ( V 0 )  

and Bo is  the  rms bandwidth of t h e  process evaluated around i t s  center 
frequency f o, 

2 ["(f - fO)'SX(f)df 2 ["(f - foI2Sx(f)df 

The probabi l i ty  densi ty  p(V) has a mean of 

and a variance of 

Threshold l e v e l  Vo i s  the  independent var iable  of (31) and o2 can eas i ly  be 
measured. -The noise 02 w i l l  be a slowly varying function of t he  spacecraft  
environmental f ac to r s  such as temperature and parameter changes of t he  ins t ru-  
ment i t s e l f .  When ac tua l  inputs are very infrequent, t h e  noise voltage can be 
measured continuously while t h e  instrument i s  i n  operation and t h e  e r ror  i n  
t h e  noise voltage measurement f romthe  addi t ion of ac tua l  inputs w i l l  be neg- 
l i g i b l e ,  This suggests t h e  use of a measurement of t he  noise voltage f o r  
control  purposes. Vo, equation (31) has t h e  shape 
of a Rayleigh d is t r ibu t ion .  (See f i g .  1 6 ( ~ ) . )  The magnitudes of Vo t h a t  
are of i n t e r e s t  are several  0 ' s  along the  Vo axis. (That N(Vo) i s  a small 
number f o r  small VO'S i s  not of i n t e re s t ,  since t h i s  simply means tha t  for 
such a case, t he  noise l eve l  i s  almost always above 

Drawn against  t h e  var iable  

VO.) 

A s  an example of t he  use of t he  information, l e t  us assume t h a t  t h e  
expected number of impacts per day of a ce r t a in  minimum momentum w a s  10. The 
value of VO corresponding t o  such impacts on a noiseless  instrument i s  known 
f romthe  instrument s ens i t i v i ty .  If o w  calculat ion of t h e  average number of 
crossings of t h e  l e v e l  Vo due t o  noise alone gives a much smaller value than 
10 per day, t he  data  can be accepted with some confidence. If, however, t he  
noise s t a t i s t i c s  alone account f o r  several  outputs greater  than Vo 
t h e  impact data would be questionable and the  threshold should be r e se t  t o  a 
higher value. This brings out t he  f a c t  t h a t  t he  choice of t he  detection 
threshold of t h e  transducer i s  not only a function of t h e  noise power and the  
s igna l  level,  but a l s o  a function of t he  average r a t e  of input signals.  

per day, 

With t h e  knowledge of the  noise s t a t i s t i c s ,  one can now analyze the  
perf ormnce of t he  instrument and determine the  optimum f i l t e r .  
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The narrower t h e  passband of t he  f i l t e r  i n  f igure  16(a), t h e  l e s s  noise 
power w i l l  be passed, but  a l s o  t h e  s igna l  s t rength w i l l  be reduced. 
a f i l t e r  s t ructure ,  which can be analyzed with r e l a t i v e  ease, a s ingle  tuned 
amplifier stage i s  chosen. 
tuned t o  the  resonance frequency of t h e  transducer. 
t h e  value of res is tance.  
soid i s  given by 

To choose 

(See f i g .  l7(a) . )  This f i l t e r  i s  assumed t o  be 
I ts  bandwidth depends on 

Its peak output f o r  an exponentially decaying sinu- 

V ( t )  = I.R LL 1 - Q  C& - (35) 

where the  r a t i o  of f i l t e r  bandwidth t o  transducer bandwidth i s  

Q = -  Bf 
Bt 

The envelopes f o r  d i f fe ren t  bandwidths a re  shown i n  f igu re  l7(b)  and t h e  peak 
amplitudes of t h e  envelopes a r e  p lo t ted  as a function of t he  bandwidth r a t i o  
Q i n  f igure  l 7 ( c ) .  The function has been normalized t o  make t h e  steady-state 
output voltage I R of t he  amplifier independent of R, and it i s  set equal 
t o  unity. 

I n  t h e  most i dea l  system t h e  equivalent Johnson input noise of t h e  
amplifier would be the  only noise source and 

oidea12 = 4kTBR (37) 

To account f o r  t h e  ac tua l  s i t ua t ion  we multiply by a noise figure,  NF, which 
i s  a function of t h e  amplifier as wel l  as the  environment. 

It i s  now possible t o  evaluate the  e f f ec t s  of t h e  f i l t e r i n g  bandwidth and 

f o r  an input of lo-' dyne-sec and l e s s  f o r  f i l t e r e d  
t h e  noise f ac to r  on t h e  f a l s e  alarm ra t e .  
t e r ed  transducer i s  10 pV 
output according t o  equation ( 3 5 ) .  
entered i n  (31) and f a l s e  alarm rate curves versus bandwidth have been calcu- 
l a t ed  f o r  various noise f ac to r s  f o r  t he  prototype transducer. 

The output voltage of the  unf i l -  

The values of (33) and (38) have been 

This family of curves i s  shown i n  f igure  18. Two pieces of information 
can be immediately read from t h e  graph, t he  optimum f i l t e r  bandwidth, which 
i s  about two cps, (approximately equal t o  Et) and t h e  maximum noise f ac to r  
t h a t  can be to l e ra t ed  without ge t t ing  an excessive number of threshold cross- 
ings due t o  noise. 

A micrometeoroid momentum detector  system for low data rates.- Assume a 
micrometeoroid detect ion system u t i l i z i n g  a dunmy transducer f o r  mechanical 
noise re jec t ion  i n  a sp in  s t ab i l i zed  spacecraft designed f o r  use i n  interplan-  
e t a ry  space. 
plane and t h e  detector  pr inc ipa l  axis i s  located normal t o  t h e  spin axis. The 
instantaneous d i rec t ion  of t h e  sensor i s  defined by t h e  angle formed by t h e  
sensor pr inc ipa l  axis and t h e  sun-to-spacecraft axis. Sun sensors provide t h e  
angular reference. The presence of t h e  dumy sensor allows a degree of noise 

Further t he  spacecraft  spin axis i s  oriented 90' t o  t h e  o r b i t a l  

21 



suppression even though t h e  s t a t i s t i c s  of t h e  noise are not known. 
mechanical noises are introduced i n t o  t h e  sensors through t h e i r  common support 
s t ructure;  therefore,  they are very near ly  equal. The responses of t h e  sen- 
sors, however, w i l l  d i f f e r  t o  some degree because of t h e  unavoidable d i f f e r -  
ences i n  physical  s t ruc ture  and e l e c t r i c a l  and mechanical parameters. Also 
t h e  equivalent e l e c t r i c a l  noises of t h e  amplifiers a r e  completely uncorrelated. 

The 

I n  order t o  analyze t h e  data  taken i n  space so as t o  achieve the  lowest 
possible detection threshold, t h e  outputs of both sensors would have t o  be 
transmitted t o  ea r th  simultaneously i n  analog form. With a 3-cycle bandwidth 
of each sensor, t h i s  would take up completely t h e  probable 10 b i t s  per second 
data  r a t e  of an interplanetary probe. 
t h a t  t h e  instrument can be operating only intermit tent ly ,  since it must share 
the  t ransmi t te r  with other experiments on t h e  spacecraft .  A s  an addi t ional  
burden, t he  gains of t he  two sensors would have t o  be checked per iodical ly  by 
ground command t o  apply pulses of equal magnitude t o  both sensors t o  measure 
the  outputs. These problems a re  avoided by t h e  system shown i n  f igure  19. 
This system equalizes t h e  r e l a t i v e  s e n s i t i v i t i e s  of t h e  ac t ive  and dummy 
channels and ad jus ts  t he  detection threshold as a function of t he  noise power 
which i s  determined by an average noise power detector.  

Operation i n  such a manner would mean 

The noise outputs a t  points C and D w i l l  each consis t  of two par ts ,  
Vc = VI + VK and VD = V 2  + VK, where VK i s  t h e  common-mode s igna l  due t o  
mechanical disturbances, V 1  and VE, t he  e l e c t r i c a l  noises, w i l l  be independ- 
ent and w i l l ,  i n  general, have s l i g h t l y  d i f f e ren t  noise powers, t h a t  is, 

a v f f  0vz2 

By measuring E t h e  difference of t he  outputs a t  C and D and adjusting the  
gain of one of t he  sensor amplifiers s o  t h a t  t h e  average of V c  - VD 
ovl and av2 are made equal. 
(e.g., ref. 11) i s  then: 

i s  zero, 
The average uncompensated noise power a t  E 

For t h e  system i n  f igure  19, therefore  (using eq. (34))  

E(V)  = 0 (40) 

Where V i s  defined as 

The new probabi l i ty  density f o r  the  amplitude of VI - V2 can be found by 
convolution of t he  probabi l i ty  dens i t ies  (see f i g .  20(a) )  
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giving t h e  following r e s u l t  

p(v> = 5 (1 - e) e -v2/402 Erfc (&) + & e -V2/2a2 
202 

where the  coerror function i s  defined as 

dv -V2 Erfc 

(44) 

(45) 

and p(V) i s  almost gaussian. (See f i g .  20(b).) If one assumes the  gaussian 
approximation t o  be val id ,  t h e  average number of times the  threshold i s  
exceeded can a l s o  be found from 

0 

where V i s  t h e  der ivat ive of t he  random variable  Vo with t h e  r e s u l t  

i s  t h e  r m s  bandwidth of t h e  detected and summed noise voltages (eq. (32) 
noting t h a t  
sensor i t s e l f .  The exact value can be found by measuring t h e  average r a t e  of 
ax i s  crossings since 

f o  = 0) and i s  approximately equal t o  the  rms bandwidth of t h e  

The threshold adjustment of t a rge t  and dunmy transducer can then be s e t  
t o  give an e r ro r  rate t h a t  i s  a ce r t a in  small f r ac t ion  of the  expected impact 
ra te ,  and, i n  principle,  t h e  problem i s  solved. 

Figure 2 1  shows s ignals  i n  the  detector f o r  various s i tua t ions .  It w i l l  
be noted i n  f igure  21(e) t h a t  a negative as well  as a posi t ive threshold i s  
provided. If t h e  instrument works properly, negative threshold crossings 
should be equal t o  the  expected e r ro r  r a t e .  Therefore, t h i s  type of informa- 
t i o n  i s  a l s o  telemetered and serves as a trouble indicator .  

The operation of t h e  instrument w i l l  now be descr ibed-for  four  possible 
s i tua t ions  : 

I. Occurrence of an ac tua l  impact 

11. N o  impact occurring, output due t o  small mechanical noise 
and e l e c t r i c a l  noise only 

or e l e c t r i c a l  pulse comon t o  t a rge t  and dummy (false a l a r m )  
111. No impact occurring, output due t o  a large mechanical noise 

IV. No impact occurring, output due t o  the  f a c t  t h a t  t a rge t  minus 
dunmy noise exceeds the  negative threshold (excessive noise 
indicat ion)  
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Situat ion I: 
come t o  a thermal equilibrium and t h e  average noise power detector has 
adjusted the  instrument i n  such a manner t h a t  t h e  s m a l l  thermal and res idua l  
mechanical noises of random nature w i l l  not exceed the  threshold and, there-  
fore ,  w i l l  not cause a false output ( f a l s e  a l a r m ) .  The s ignals  ex is t ing  a t  
points A, By Cy and D of f igure  19 are shown i n  f igure  21, column I. 

For t h i s  descr ipt ion it i s  assumed t h a t  t he  spacecraft  has 

Upon an ac tua l  impact on the  ta rge t ,  t he  output of t he  t a rge t  sensor 
increases while t h e  output of t he  dummy sensor remains undisturbed. 
amplified and f i l t e r e d  outputs, see column I of f i g s .  21(a) and (b) ,  hereaf te r  
re fer red  t o  as 21(a)I ,  21(b)I,  e t c . )  
amplifier noise, t he  narrow band f i l t e r s  cause t h e  gradual r i s e  of t h e  wave- 
forms, as compared t o  t h e  sharp r i s e  of the  sensor output waveform. 
puts of the  sensor and d m y  a f t e r  detect ion a re  shown i n  f igures  2 l ( c ) I  and 
( d ) I .  When the  difference between the  output of t he  t a r g e t  sensor and the  
d m y  sensor exceeds t n e  controlled threshold of t he  instrument ( f i g  . 21( e )  I), 
a start  pulse i s  generated which starts an analog-to-digital  converter of t h e  
"up and down counting" type (number 1, f i g .  l9), which d ig i t i ze s  the  compen- 
sated s igna l  and automatically stops when the  s igna l  begins t o  decrease. A t  
t h i s  time the  f i rs t  analog-to-digital  converter puts out a "hold" pulse t o  t h e  
remaining three  storage uni t s  which now s to re  information on t h e  magnitude of 
t h e  t a rge t  output voltage, the  threshold s e t t i n g  of t he  instrument, and the  
direct ion of t he  impact. The complete information forms a 12-digit  word. 
This word i s  s tored temporarily and i s  sh i f t ed  out sequent ia l ly  t o  t h e  telem- 
e t r y  system when the  telemetry appl ies  a "read-out" pulse t o  the  sequencer 
uni t .  
dummy output and t h e  uncompensated t a rge t  output w i l l  be approximately unity, 
indicat ing a high probabi l i ty  t h a t  t h i s  t r u l y  was an impact on the  t a rge t .  

Si tuat ion I1 : When small random mechanical and e l e c t r i c a l  noises a re  
present, only t h e  mechanical noise components of f igures  2 l ( c ) I I  and ( d ) I I  
tend t o  subtract  while t he  e l e c t r i c a l  components of t he  noise f romthe  t a rge t  
and dummy are  completely uncorrelated. The difference output a t  point E 
f igure  19 w i l l  be close t o  zero. 
of t he  "up-and-down counting" type and follows the  waveform of t he  uncompen- 
sated s ignal  continuously. Upon receiving t h e  telemetry read-out pulse, and 
i f  t he  storage un i t s  a r e  not already holding data  from a threshold crossing, 
the  A-to-D converter number 1 imnediately sends a "hold" s igna l  t o  a l l  of t h e  
storage uni t s .  The f i r s t  four d i g i t s  f r o m  A-to-D converter number 1 w i l l  be 
1000, indicat ing t h a t  there  was no impact a t  t h i s  time. 
w i l l  indicate  the  noise l eve l  of t h e  instruments as derived from analog-to- 
digi ta l -converter  number 2. The l a s t  f i v e  d i g i t s  w i l l  represent the  ins t ru-  
ment threshold se t t i ng  and look angle at the  t i m e  of t he  read-out pulse from 
the  telemetry. 
t he  threshold and the  noise i s  transmitted t o  ear th  t o  a i d  i n  the  evaluation 
of t h e  data.  

A t h i r d  type of output may be generated when the  thresh- 
old i s  exceeded by a very high mechanical noise or by e l e c t r i c a l  pulse inputs 
from the spacecraft  (as f o r  example, from re l ay  closures, f l ipp ing  of magne- 
tometers, or impacts of micrometeoroids on other pa r t s  of the  spacecraf t ) .  
large simultaneous mechanical disturbances of both the  d m y  and t a rge t  t he  
difference between t h e  two outputs may s t i l l  be posi t ive and large enough t o  
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(For t h e  

I n  addi t ion t o  removing most of the  

The out- 

A s  shown i n  f igures  2 l ( c ) I  and 21(e)I ,  t h e  r a t i o  of t h e  target-minus- 

Analog-to-digital converter number 2 i s  a l s o  

The next th ree  d i g i t s  

Thus even though ac tua l  data had not been taken, a h i s tory  of 

Si tuat ion 111: 

For 



exceed the  threshold s e t t i n g  of t he  instrument, thus causing A-to-D converter 
number 1 t o  accumulate a reading. 
however, A-to-D converter number 2 would indicate  a large output. The large 
difference between t h e  uncompensated output and t h e  difference output indi-  
cates t h a t  t h e  reading does not r e s u l t  from an ac tua l  micrometeoroid impact of 
small magnitude, but ra ther  from a disturbance comon t o  both t a rge t  and dummy. 
This example shows the  usefulness of t he  output of t h e  second A-to-D converter 
f o r  preventing false-alarm errors .  

For t h e  case shown i n  f igure  21, column 111, 

Si tua t ion  I V :  I n  t h e  four th  s i t ua t ion  the  dumny output exceeds the  

If t h e  
t a rge t  output su f f i c i en t ly  t h a t  t h e  difference i n  t h e  s igna l  w i l l  cross t h e  
negative threshold of t he  instrument. 
instrument works properly, such occurrences should be extremely ra re .  This 
type of output i s  mainly an indicat ion of excessive noise. When an approxi- 
mately equal amount of posi t ive and negative outputs a r e  recorded, e i the r  t h e  
threshold se t t i ng  w a s  too  low, or both dunrmy and t a rge t  piezoelectr ic  beams 
a re  developing spurious outputs. The output t o  t h e  telemeter w i l l  be of 
exact ly  the  same form as described i n  Si tuat ion I except f o r  t h e  f a c t  t h a t  t he  
presence of a "0" i n  t h e  f i r s t  b i t  from A-to-D converter number 1 w i l l  indi-  
cate  a negative output. 

(See f i g .  21, column IV.) 

It can be seen t h a t  most of t h e  data reduction has been performed i n  the  
instrument package. For a low expected impact r a t e  of one impact per day, a 
readout of t he  12-digit  word every 5 minutes w i l l  be su f f i c i en t  t o  give, i n  
addi t ion t o  the  ac tua l  impact data, a h is tory  of t he  threshold se t t i ngs  and 
noise s t a t i s t i c s  of t h e  instrument. 

ADDITIONAL APPLICATIONS 

I n  addi t ion t o  t h e  i n i t i a l  purpose of detecting and measuring micromete- 
oroid impacts, t he  unique charac te r i s t ics  of t h i s  transducer make it 
applicable t o  a wide var ie ty  of uses. 

The use of t he  transducer f o r  measuring the  energy i n  the  l i g h t  pulses 
from a l a se r  has been reported i n  reference 12. The transducer not only pro- 
vides a means f o r  measuring l a s e r  energy but a l s o  provides a research t o o l  for 
invest igat ing laser impact phenomena. 

Although the  instrument by i t s  inherent design (piezoelectr ic  e f f e c t )  i s  
primarily of t h e  dynamic type, it can be used f o r  measuring a steady force- 
producing medium (i.e., l i gh t ,  electron, or i on  beam). 
by interrupt ing or chopping t h e  medium a t  t h e  na tura l  frequency of t h e  
instrument. Since the  instrument i s  driven a t  i t s  na tura l  frequency, i t s  
s e n s i t i v i t y  i s  increased r e l a t i v e  t o  t h e  s t a t i c  def lect ion.  The r e l a t i v e  
magnification re la t ionship  i s  shom i n  t a b l e  11. 
t he  Physics Branch has used t h e  transducer f o r  measuring t h e  forces  on ion- 
bombarded surfaces.  A transducer with i n t e g r a l  ca l ib ra to r  i s  used f o r  t h i s  
research. 
or ien t  a t a rge t  p a r a l l e l  t o  t h e  pr inc ipa l  axis  of the  transducer and thereby 
measure a tangent ia l  component of force.  

T h i s  i s  accomplished 

A t  t h e  Ames Research Center 

Since t h e  transducer i s  d i rec t iona l ly  sensi t ive,  it i s  possible t o  



One novel application of the transducer in biomedical research is in the 
measurement of the heartbeat of an avian embryo. The transducer as shown in 
figure 2 is converted to a ballistocardiograph simply by attaching a cup to 
the transducer stem to support the egg. 
given in reference 13. 
application in the study of the effects of m s ,  chemicals, pesticides, and 
environmental factors on a variety of small animal life. The heartbeat rate 
has been observed in young chickens, rats, cockroaches, and snails. 

Details for this application are 
The ballistocardiograph is believed to have a wide 

The transducer can be employed as a narrow band electromechanical filter 
without any alterations whatsoever. 
the signal to be filtered to one of the piezoelectric beams and taking the 
filtered signal from the other beam. Typical response characteristics are 
shown in figure 22. 

This is accomplished simply by applying 

Another capability which became quite obvious (and the source of a prob- 
lem) early in the development of the instrument was its seismometer character- 
istics. This feature was utilized in determining environmental noise 
conditions for evaluating suitable test locations for the transducer. 

CONCLUSIONS 

Tests of the piezoelectric momentum transducer as an impulse detector 
using low-velocity, short-duration, and hypersonic impacts indicate the 
following conclusions. 

1. The transducer output is directly proportional to the component of 
impact momentum transferred to the target in a direction parallel to the 
transducer principal axis. 

2. The sensitivity of the transducer is essentially independent of the 
location of impact on the target area. 

3. The transducer and associated electronics can be calibrated at 
various momentum levels by a remote process which lends itself to applications 
for space vehicles. 

In addition, the unique characteristics of the transducer permit wide 
variety of uses. 
Center for 

It has been used with excellent success at the Ames Research 

1. A narrow band-pass electrical mechanical filter 

2. An ultrasensitive vibration pickup 

3. A laser energy calibrator and impact transducer 

4. A force transducer for measurement of ion-beam accormnodation factor 
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5 .  A bal l is tocardiograph f o r  measurement of motion of small l i v ing  
organisms or components such as heartbeat reactions.  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif ., A p r i l  5 ,  1963 
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APPENDIX A 

BEAM ELFCTRODE SEPARATION 

It w a s  pointed out i n  the  sect ion on transducer voltage response t h a t  t h e  
sensor beam deformation produced a moment d i s t r ibu t ion  which would cancel t h e  
voltage if t h e  electrodes were not separated a t  t h e  midspan. Reviewing t h e  
moment d is t r ibu t ion ,  or stress, and considering t h e  f a c t  t h a t  charge developed 
i s  d i r e c t l y  proportional t o  stress, one may note t h a t  t h e  maximum charge 
developed occurs a t  t h e  f ixed ends of the  beam and i s  zero a t  t h e  midspan. 
Thus it appears t h a t  a higher open-circuit voltage could be obtained i f  only 
t h e  more highly s t ressed  portions of t he  beam were used. 
t i o n  i n  t h e  electrode area causes a reduction of t h e  beam capacitance and 
hence increases t h e  impedance of t h e  transducer. It w a s  therefore  of i n t e r e s t  
t o  determine t h e  output of t he  transducer f o r  various values of load impedance 
as a function of t h e  amount of electrode area removed. The computed r e s u l t s  
obtained by use of t h e  simplified equivalent c i r c u i t  are shown i n  f igu re  23. 
It appears f romthese  r e s u l t s  t h a t  for r e a l i s t i c  loads t h e  amount of electrode 
area removal i s  not c r i t i c a l .  

However, any reduc- 
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APPENDIX B 

EZECTRICAL EQUIVAL;ENT CIRCUIT 

For any de ta i led  analysis  of t h e  dynamic behavior of t h e  transducer and 
i t s  associated e l e c t r i c a l  c i r c u i t s  it i s  desirable  t o  obtain an e l e c t r i c a l  
equivalent c i r c u i t  of t h e  transducer. The electromechanical equivalent c i r -  
cu i t  f o r  a simple piezoelectr ic  cant i lever  beam suspension with concentrated 
mass at  the  end w a s  shown i n  t a b l e  I. A s  w a s  a l s o  s t a t ed  i n  the  sect ion on 
transducer design considerations, t he  electrodes of t he  beam sensors a re  
separated a t  the  midspan. Thus, i n  essence, there  are four  e l e c t r i c a l l y  
independent elements, and t h e  electromechanical equivalent c i r c u i t  of t h e  
transducer should be drawn as i n  f igure  24(a).  A s  i n  t ab le  I, t h e  primed 
quant i t ies  r e f e r  t o  the  t y p i c a l  cant i lever  beam, whereas t h e  unprimed quanti- 
t i e s  r e f e r  t o  t h e  ac tua l  configuration of t h e  transducer beams. The analysis  
of t h i s  c i r c u i t  combined with any attached external  c i r c u i t r y  describes the  
complete e l e c t r i c a l  and mechanical behavior of t he  transducer. A s  normally 
operated, two of t h e  sensor c i r c u i t s  a r e  connected i n  para l le l ,  with appro- 
p r i a t e  po la r i t i e s ,  t o  provide t h e  output signal,  while t h e  terminals of t he  
other two are short-circui ted t o  eliminate induced e l e c t r i c a l  noise. For 
t h i s  par t icu lar  arrangement t h e  equivalent c i r c u i t  i s  shown i n  f igure  24(b), 
where the  transformers have a l s o  been eliminated with appropriate adjustment 
of c i r c u i t  element values by t h e  square of t he  turns  r a t i o .  A s  viewed from 
t h e  e l e c t r i c a l  terminals, t h e  transducer behaves exactly l i k e  a low-loss 
p a r a l l e l  resonant c i r c u i t  with a capacitor Ce i n  se r i e s .  To confirm the  
v a l i d i t y  of t h e  analogy, impedance measurements of t h e  transducer as a func- 
t i o n  of frequency were made by means of an impedance bridge. These r e s u l t s  
a re  shown i n  f igure  23. The near ly  constant reactance due t o  Ce w a s  sub- 
t r ac t ed  before p lo t t ing  t o  show more c l ea r ly  t h e  p a r a l l e l  resonance e f f ec t s  
of t he  mechanical c i r c u i t  on t h e  e l e c t r i c a l  impedance. 
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TABU3 I.- PIEZOELECTRIC BEAM PHYSICAL DIMENSIONS, DYNAMIC PARAMETERS FOR 
C A N T m V E R  MOUNTTNG, AND EIECTROMECHANICAL EQUIVALJZNT C I R C U I T  

Beam width w = 0.063 in .  5 0.003 in .  

Thickness t = 0.026 in .  5 0.002 in.  

Voltage/force 

Capacitance of beam 

Mechanical compliance 

Effect ive mass of beam 

N '  = 0.56 - L '  (V/newton) 

C i  = 490 - L 'w (uuF) 

wt 

t 
15 

C A  = 3.6 10-9 L (m/newton) 
wt3 

4 = 0.025 L'wt (kg) 

Mass of t a rge t  and stem 

Hole diameter 

Spacing, centers 

d = 0.0075 

'a = 0.0125 

Electrical 
terminals 

Mechonical 
terminals 

(Note: Dimensions of L ' ,  w, a, d, and t are  i n  inches.) 

I -  



w 
r i l  

Driving function 

T A B U  11.- SOLUTIONS OF THE COi'PIBTE EQUATION OF MOTION FOR VARIOUS TYPES OF DRIVE FORCE 

I n i t i a l  onditions 
Approximation v _  Solution 

X" 

I Free 
v ib ra t ion  

I1 Damped f r e e  
v ibra t ion  

Explanation of symbols 

I11 Forced 
v ibra t ion  
with damping 

f ( t )  = F 

f ( t )  = 0 
t > O  

! Transients 
, have died 

out 

1 a) genera l  , f ( t )  = F, s i n  wt I 
I I , 
' b )  s impl i f ied  

0 

I I 

0 x = x  0 cos %t 

P. 

x = xoe cos %t 

x = xo sin(wt - y )  

I I 

i 



Target 

I 
Piezoelectric beams 

Stem 
Support 

- 

0 
Silver electrodes 

Stop member 

( a )  Transducer general  arrangement. 

Piezoelectric beams 

~ 

( b )  Lateral  and transverse tors ion stop arrangement. 

Stem 

Locking pin 

Overload stop pin 

( c )  Lock and overload stop l i m i t s .  

Figure 1.- Components of the  momentum transducer. 
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(a) Transducer with shielding removed. 

Figure 2.-  Prototype momentum transducer. 

A-31977 



(b) Assembled transducer w i t h  preamplifier attached. 

Figure 2. - Concluded. 
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Amplifier I 1 I ,Aluzzed 

I I / 

quar 

I I I / / 

W 
Guard ring 

I ,  Stationary disk 
I 

(a) Schematic arrangement of the ca l ibra tor  u n i t .  

disk 

Figure 3.- Prototype momentum transiiucer w i t h  i n t eg ra l  absolute ca l ibra tor .  



, 

Stationary disk -A  

A-30766.1 

(b) Transducer with aluminized quartz disk attached; shielding and fixed members of e lec t ros ta t ic  u n i t  
removed . 

c*, 
-4 Figure 3. - Continued. 



( c )  Assembled transducer with in tegra l  

Figure 3. - Concluded. 

A-30768 
absolute ca l ibra tor .  



A-30764 

Figure 4.- Prototype momentum transducer with mechanical noise 
common-mode rejection feature. 
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Figure 

Pulse length, r , s e c  

5.- Transducer response as a function of the pulse duration for a 
rectangular force waveform of constant momentum. 
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L _I 
(a)  Fixed-end beam with one end displaced. 

(b) Free body diagram of ( a ) .  

k- L’* + 
Ma C 

I P  
\+p x / 2  

( c )  Free body diagram of two cant i lever  beams equivalent t o  (b)  . 
Figure 6.- Transducer beam d i s to r t ion  - def lec t ion  relat ionships .  
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Figure 7. - Transducer momentum calibration curve obtained by the bead-drop 
and controlled-induced-displacement techniques. 
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Figure 9.- Transducer response as a function of stem angle r e l a t i v e  t o  impact 
d i rec t ion  for impacts of constant momentum. 
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A-31934 
Figure 10.- Test apparatus for measuring hypervelocity par t ic le  impacts. 
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Amplifier Amplifier Amplifier 

Particles from 
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Transducer with 
Target chamber preamplifier IOX 

Figure 11. - Schematic diagram of apparatus and instrumentation. 
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Figure 12.- Target momentum as a function of particle momentun for accelerated 

iron spheres of 1.6 to 4.5 microns diameter. 
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structure 
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2 Lead mass 

4-lb lead mass 

Figure 13.- Transducer suspension arrangement for mechanical noise isolation 
during hypervelocity tests. 
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Equivalent basic transducer 
with dummy unit locked 

I vo 

Modified transducer with 
common-mode rejection feature 

~ 

-D- Target 
Sensor 

Dummy 
Sensor 

P o  

Time, t (a) Bead-drop impacts. 

I vo 

(b) Induced wide-band 

I VO 

zussian noise. 

I vo 

(c) Bead-drop impacts with wide-band gaussian noise. 

Figure 14.- Effectiveness of common-mode noise rejection feature f o r  application 
in an environment of wide-band gaussian noise. 

49 



Noisy amplifier _ _ _ _ _ - _ _  -------- 
I - 

n I  

I 

I n I  
I Noise I ess 

Uoiseless 
Dmpl if ier 

zin=aO 
D 

I resistor 

I 

I + 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

BPF 

( a )  Transducer followed by a noisy amplifier and f i l t e r .  

0 
in 

BPF 

(b) Transducer and amplifier noise sources combined f o r  Re >> RL and Xe = RL. 

Figure 15.- Noise sources i n  the  transducer-amplifier combination. 
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(a) Block diagram of the  micrometeoroid momentum measurement system. 

Time,  t 

(b )  Narrow-band gaussian noise and i t s  envelope. 

.6 

x 
I- 

O 

( c )  Number of threshold crossings per second as a function of threshold voltage. 

Figure 16.- Transducer system noise response as r e l a t ed  t o  f i l t e r  bandwidth. 



(a) Single tuned band-pass amplifier.  

. 

(b)  Output envelopes f o r  various f i l t e r  t o  transducer bandwidth r a t i o s .  

I I I I I I I I I 
0 . 5  I 2 4 8 16 32 64 

Filter to transducer bandwidth ratio, Q 

( e )  Relative peak amplitude of the envelope as a function of f i l t e r  bandwidth. 

Figure 1.7.- Transducer system signal  response as r e l a t ed  t o  f i l t e r  bandwidth. 
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Figure 18.- Number of threshold crossings per day f o r  various noise f ac to r s  
as a function of f i l t e r  bandwidth f o r  a transducer momentum threshold of 

dyne-sec, and a transducer bandwidth of B t  = 2 cps. 
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Figure 19.- Block diagram of a micrometeoroid momentum detector system for l o w  data rates. 
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(b)  Computed points  of p(V) and a normal d is t r ibu t ion  curve with the  same 
variance. 

Figure 20.- Noise s t a t i s t i c s  of a micrometeoroid momentum detector  system. 
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Figure 21.- Signals at various locations of a micrometeoroid momentum detector 
system. Locations iden t i f i ed  by l e t t e r  designation i n  f igure  19. 
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(a) Impulse response. 
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(b) Frequency response. 

Figure 22.- Response of the  transducer used as an electrcinechanical f i l t e r .  

57 



(a) Simplified equivalent e l e c t r i c a l  c i r c u i t  of t he  transducer with load. 
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( b )  The computed transducer response as a funct ion of the  r a t i o  of electrode 
gap t o  length f o r  various values of load impedance. 

Figure 23.- The e f f e c t  of beam electrode separation on transducer r e l a t i v e  
out put . 
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(a) Simplified electromechanical equivalent c i r c u i t  of the  transducer. 

Z - 

(b )  Simplified e l e c t r i c a l  equivalent c i r c u i t  of the  transducer. 
and 4 are short-circui ted and outputs 1 and 2 are open. 

Figure 24. - Transducer equivalent c i r c u i t s .  
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Figure 25.- Measured e l e c t r i c a l  impedance of the  transducer as a function of 
frequency. Reactance of the  se r i e s  capacitance C e  mathematically 
subtracted . 
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